The efficiency of 1,3-benzodioxole derivatives as corrosion inhibitors is theoretically studied using quantum chemical calculation and Quantitative Structure Activity Relationship (QSAR). Different semiempirical methods (AM1, PM3, MNDO, MINDO/3, and INDO) are applied in order to determine the relationship between molecular structure and their corrosion protection efficiencies. Different quantum parameters are obtained as the energy of highest occupied molecular orbital HOMO , the energy of the lowest unoccupied molecular orbital LUMO , energy gap Δ , dipole moment , and Mulliken charge on the atom. QSAR approach is applied to elucidate some important parameters as the hydrophobicity (Log P), surface area (S.A), polarization ( ), and hydration energy ( Hyd ).
Introduction
The widths involved for different metals, especially iron with its various grades, are widely used in many industrial fields, such as petrochemical industries, petroleum oil production, transportation, and others. That has led to conducting more research into the metal surface protection in various aggressive media, especially acid medium. The most essential aim of corrosion research papers is to determine the best protection compounds for metal and metal alloys in different aggressive corroded media. However, these research papers do not only cost a lot of money, but they also take so much time to detect the most effective inhibitors [1] [2] [3] [4] .
Among numerous corrosion inhibitors, organic compounds are considered as powerful inhibitors, especially hetero organic compounds [5, 6] that possess active centers as oxygen, nitrogen, and sulphur. The inhibiting mechanism of corrosion inhibitors occurs via physical and/or chemical adsorption of the inhibitors on the metal surfaces. The adsorption of these compounds occurred via transferring the e's from the high electron atoms to the metal surface, resulting in that coordinate covalent bond between the inhibitor compound and metal surface [7] . Most researchers see that adsorption does not only depend on the physicochemical properties of the inhibitor molecules but also depend on the nature of the metal surface and that of media. Since they are usually perfect, the corrosion inhibiting compounds should not only donate electrons to the metal d-orbital but also accept the e's from them through antibonding orbital to form feedback donation [8, 9] .
Recently, in the presence of sophisticated hardware and with the development of theoretical chemistry programs, quantum chemical calculation methods are looked upon as some of the most effective tools not only for the molecular structure but also for elucidating the active center of the studied molecules [10, 11] . Semiempirical calculations are recommended as more accurate methods, but not for all of the e's-e's interaction processes, compared to an extended Hückel method that neglects all the e's-e's interaction processes to become less accurate [12, 13] .
The applications of 1,3-benzodioxole derivatives as corrosion inhibitors are not dealt widely with. The efficiency of 5-(1,3-benzodioxol-5-yl)-1-(piperidin-1-yl)penta-2,4-dien-1-one and 5-(1,3-benzodioxol-5-yl)-1-(piperidin-1-yl)pent-2-en-1-one as corrosion inhibitors was experimentally/theoretically studied. Good agreement is obtained between experimental results and quantum parameters [14] .
The aim of this paper is to study the dependence of inhibition efficiencies for different substitutes of 1,3-benzodioxole 
Figure 1: The molecular structure of the studied 1,3-benzodioxole derivatives.
on their molecular and electronic structures using some semiempirical methods (AM1, PM3, MNDO, MNDO/3, and INDO). The inhibition efficiencies are obtained by different quantum chemical parameters as the energy of the frontier orbital, charge densities, Dipole moment , and so forth. The QSAR is used to investigate hydrophobicity, polarization, and other important parameters. The investigation performed in this study will be helpful in producing new 1,3-benzodioxole substitutes, such as corrosion inhibitors, where the application of these compounds like corrosion inhibitors is not widely dealt with. The molecular structures of the studied 1,3-benzodioxole derivatives are listed in Figure 1 .
Theoretical Calculation
All the Quantum chemical calculations are carried out at Restricted Hartree-Fock (RHF), by spin pairing case using AM1, PM3, MNDO, MINDO/3, and INDO semiempirical methods and SCF (iteration limit = 50) using Hyperchem 8.0.10 windows program implemented on the Intel core i7 laptop. The energy of highest occupied molecular orbital, HOMO , and the energy of lowest unoccupied molecular orbital, LUMO , are used for indicating the adsorption ability of the investigated organic compounds. With regard to the HartreeFock theorem [15] , the ionization potential, , and electron affinity and are obtained from the following:
The electronegativity ( ) and absolute hardness ( ) of the investigated molecule are related to the electron affinity and the ionization potential as follows:
The hydration energy, Hyd , hydrophobicity Log, P, surface area, SA, and the polarizability, , of the investigated molecules are obtained from QSAR calculations.
Discussion
The quantum chemistry computing method is often used to study the simple systems taking into account that (i) the effect depends only on the inhibitor molecule properties and (ii) everything else in its vicinity is uninvolved either with respect to competition for the surface or with respect to itself. Several researches confirmed that there is little effect of the media on these parameters [16] [17] [18] [19] [20] . Since, all metals are characterized by the presence of vacant d orbital which is ready to accept e's from donors (inhibitor molecules), the computing method is suitable for most metals. Different 1,3-benzodioxole derivatives are selected to study the effect of molecular electronic properties based on the nature of a substitute. The optimized geometry of the investigated molecules possesses minimum total energy (the net result of the electronic kinetic energy and the interactions between atomic cores and all e's) is shown in Figure 2 . The cyan color corresponds to carbon, red color to oxygen, white color to hydrogen, and dark blue color to nitrogen atoms.
In adsorption process, frontier orbital (HOMO and LUMO) should be taken into account in order to predict the adsorption site of the studied molecules. The higher HOMO is, the higher electron donating tendency of a molecule to the metal is. However, the lower LUMO becomes, the lower tendency of the molecule to accept e's from metal is. Thus, the molecule's binding to the metal surfaces increases with higher HOMO and lower LUMO [21, 22] . HOMO and LUMO are calculated using different semiempirical methods (AM1, PM3, MINDO/3, MNDO, and INDO) and the data listed in Table 1 . The applied methods show some differences in the calculated values of frontier orbital. 
INDO was developed at Carnegie Melon University. This method depends on choosing parameters based on that theory of giving a value near to that obtained by Hartree-Fock.
The calculated values of HOMO obtained by the two methods (MNDO and MINDO/3) are nearly similar to each other with respect to the studied compounds and match the data obtained from the INDO method with only slight differences. MINDO/3 is one of the earliest Dewar methods providing more accurate geometries and heat of formation than INDO. The limitations of the Intermediate NDO approximation, on which Modified INDO depends on version 3 frequently result in less accuracy to deal with molecule containing heteroatom. The problem with MINDO/3 is corrected by MNDO that is used to calculate molecular geometries, dipole moments, and other properties [23] . The ability of the studied molecules to donate e's with respect to HOMO is arranged as follows:
AM1 and PM3 provide nearly closed arrangement for the activity of the studied molecules with respect to the calculated values of the energy of the highest occupied molecular orbital. Although AM1 uses the same basic approximation as MNDO, AM1 has a different trend than MNDO. PM3 was developed by Stewart [24] ; it is functionally similar to AM1 but uses a different parameter set. PM3 parameters were derived by comparing a much larger number and wider variety of experimental with different computed molecular properties. The ability of the studied molecule to donate e's with respect to the calculated HOMO using AM1 and PM3 is as follows:
1,3-Benzodioxole-5-acetic acid, methyl ester, is predicted by using INDO, MNDO, and MINDO/3 methods as the most effective molecule for metal protection via donating e's to the vacation d-orbital in metal, while AM1 and PM3 methods have predicted 1,3-benzodioxole-4-methoxy-6(2-propenyl)-and 1,3-benzodioxole 5-ethenyl, respectively. Although 1,3-benzodioxole-5-carboxylic acid has two oxygen atoms compared with XI all applied methods considered it as the lowest tendency to donate e's for the metal. This may be due to the presence of the methyl group between benzene ring and ester that increases elasticity of the compound (XI) and the delocalization of the electrons.
In most cases, excellent corrosion inhibitors can not only offer e's to the d-orbital of the metal but also accept e's from the metal [25] . The decrease of the value of LUMO leads to the increase of the ability of e's acceptance of the molecule. The data listed in Table 1 show the independence of the ability of back donation of the e's to the metal from the donating ability of the molecule for all those that apply semiempirical methods. Figure 3 shows the HOMO and LUMO orbital for the studied compounds. And, as obviously shown, the LUMO is distributed on all the molecule while HOMO is largely located on the dioxole group and the benzene ring. The planar distributed to the HOMO may allow perfect adsorption of the studied compound on the metal surface due to the facility of d-orbital of the metal to accept the e's donating by the molecule.
Junaedi et al. observed the increases of inhibition efficiency with an increase in EHOMO values along with a decrease in ELUMO values. The corrosion inhibition potential of 1-[3-(2H-1,3-benzodioxol-5-yl)-5-(quinoxalin-6-yl)-4,5-dihydropyrazol-1-yl]butan-1-one (Oxo-1,3-PQPB) was studied for mild steel corrosion in acidic media using electrochemical, spectroscopic techniques and quantum chemical calculations [14] . The observed electrochemical measurements matched the theoretical parameters. The energy gap, Δ = ( LUMO − HOMO ), is considered one of the most important parameters predicting the ability of the molecule towards adsorption on the metal surface [26] . In most cases, the reactivity of the molecule increases as the energy gap decreases. The lower the energy difference is, the higher the reactivity of the molecule is and the stronger the interaction between the molecule and the metal surface becomes. The most reactive molecule differs according to the applied method, and, on the other hand, AM1 and PM3 results still do not match the results of the other methods.
The dipole moment is calculated by the product of distance and the charge on the atoms; it indicates the polarity of the covalent bond of the molecule [27] . The research differs with the utilization of the dipole moment on the prediction of corrosion inhibition efficiencies of the molecules. In most studies, the higher the dipole moment value is, the likely higher the adsorption of molecule becomes [28] . As increases, the deformation energy of the molecule increases and the molecular volume increases. This also increases the contact area between molecule and metal surfaces and causes the adsorption chance to get higher. Concerning the value of dipole moment (Table 1) of the studied compounds, nearly all methods have considered 1,3-benzodioxole-5-acetic acid, methyl ester, as the most effective element with respect to its higher dipole moment value. Figure 4 shows the total electron charge density surface of the studied molecules, the magenta color to identify the most negative potential, and the electron-rich region, whereas the green color identifies the e's poorest regions. It is clear that the electron density is found in the vicinity of oxygen and benzene ring and electron's lower density is found in the vicinity of the C atom.
Mulliken charges of the atoms in benzodioxole derivatives are listed in Table 2 . Practically, the more negative charged atom gets, the more it can adsorb on the surface of the metal via donor-acceptor interaction [26] . Since oxygen and some carbon atoms possess the most negative charge, they are considered the nucleophilic site of these compounds that easily donate the electron to the metal d-orbital. Therefore, benzodioxole can be adsorbed via these sits [29, 30] . Carbon atoms possessing positive charge are looked upon as an active site for nucleophilic attach. As shown in Table 2 , 1,3-benzodioxole-5-acetic acid, methyl ester, has less positive value on its carbon atoms in addition to the negative charge on oxygen atoms compared to other molecules. The hardness is considered the reactivity indicators of the molecule. As the hardness of the inhibitors increases, the deformation resistance of the e's cloud of the atoms increases and the reactivity of molecule decreases. The data listed in Table 3 show the hardness value obtained by MNDO method. XI is the hardness ( = 4.0) or the softness molecule and hence the most reactive one.
Ebenso et al. [27] calculate the energy change associated to back-donate interaction using the following equation.
where Δ -is the associated energy change with the donation/back donation process and is related directly to the hardness of the molecule, because is equal to positive values for all the studied compounds. From the last equation we can see that Δ -values are negative for all the investigated compounds. Therefore, the donation and back donation process are spontaneous or energetically favored. These results may confirm the donation process, but they could not confirm back donation process. 1,3-Benzodioxole-5-acetic acid, methyl ester, has the most negative and energetically favored value indicated for donation and back donation. The QSAR calculation is applied and several parameters are obtained. Polarizability measures the change in e's distribution of the molecule with respect to the applied electric field. As the polarization increases, the intrinsic molecular value increasing the adsorption of the molecule to the metal surface becomes easier [8] . The polarizability has a poor correlation with the quantum calculations as shown in Table 3 .
Hydrophobicity coefficient Log P is another parameter to measure the corrosion efficiencies of the molecule. As the hydrophobicity increases, the water solubility of the molecule decreases. Also, as a result, the transportation to the metal surface becomes slower and the probable adsorption gets low. As shown in Table 3 , the studied molecule is with good ability to transport and be adsorbed on the metal surface. Hydrophobicity is found to have good relationship with the quantum calculation.
The hydration energy of the molecules measures the dissolution extent. The negative values of the hydration energy of the studied molecule indicated an exothermic dissolution. The increase of the hydration energy leads to the increase of the efficiency of the molecule. Concerning the data listed in Table 3 , molecule number IX is the lowest capable one for dissolution and adsorption. This matches other quantum parameters like HOMO .
The larger the surface area of the inhibitor molecules is, the greater the contact adsorbed area and the efficiency of the inhibitor become. The large size of 1,3-benzodioxole-5-acetic acid, methyl ester (Table 3) , that is relative to the other investigated molecule may result in high surface coverage and consequently lead to high inhibition efficiency. The calculated parameters have an excellent correlation with the surface area of the investigated molecule, especially the surface area that is calculated from INDO, MINDO/3, and MNDO methods.
Conclusion
It can be concluded from this study that 
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